In response to stressors, the central nervous system of livestock (and other mammalian species) evokes physiological responses that ultimately result in activation of the hypothalamopituitary-adrenocortical (HPA) axis and the sympatho-adrenal axis. The responses of these major systems are presumed to have adaptive and homeostatic value during periods of stress. The major hormone regulating the synthesis and secretion of adrenal glucocorticoids is ACTH. In sheep, cattle, and pigs, both corticotropin-releasing hormone ( C RH) and vasopressin ( V P ) participate in the regulation of secretion of ACTH, and the two peptides seem to interact to enhance that secretion. In cattle and pigs, CRH is the more potent peptide, whereas VP is the more potent in sheep. In addition to its better-known role in regulating pituitary function, CRH also may participate as a neurotransmitter acting centrally to enhance sympathetic activation of the adrenal medulla. Many experimental models of stress have been evaluated that reliably activate the HPA axis and the sympatho-adrenal medullary axis, and some of these model systems also reduce functions of cells of the immune system. Recent data support an important role of stressor-activation of the sympathetics rather than increased glucocorticoids per se in modulating some measures of immune function in response to stress. Thus, current dogma of glucocorticoids as the primary mediator of stressor-associated alteration in immune function of domestic livestock may require reevaluation.
Introduction
An environment in which stressors are minimized would likely be favorable for efficient production of products derived from domestic farm animals and for helping ensure the well-being of those species. However, the challenge for those interested in maintaining the well-being of domestic farm animals lies in identifying useful and biologically meaningful determinants of "stress." Currently, such useful determinants do not exist.
It has been recognized for many years that certain environmental or management conditions experienced J. Anim. Sci. 1994 . 72:1891 -1898 by domestic farm animals (e.g., thermal extremes, crowding, mixing of unfamiliar animals, transportation, weaning, branding, dehorning, vaccination, tail docking, etc.) have the potential to activate the hypothalamo-pituitary-adrenocortical ( HPA) axis and the sympatho-adrenal medullary axis, and these environmental conditions have been termed stressors. In fact, the notion of conditions that are stressful has evolved recently around the apparent degree of secretory activity of the adrenal gland. That is, usually the degree of increase in cortisol or corticosterone in plasma, or, less frequently, increased plasma concentrations of epinephrine and norepinephrine, are regarded as indicative of stressful conditions (i.e., greater concentration interpreted as more stressful). In addition, because stressors have been associated with increased circulating concentrations of glucocorticoids, they also have been linked with decreased functioning of cells of the immune system.
The reader is referred to thorough reviews detailing central mechanisms involved in activation of the HPA axis (Owens and Nemeroff, 1991; Whitnall, 1993) and actions of glucocorticoids on the immune system (Munck et al., 1984) . Because these reviews are largely devoid of work specifically dealing with farm animal species, the current review will focus on recent studies that addressed regulation of the HPA axis and on studies in which livestock have been subjected experimentally to models of stress to illustrate what is known in these species regarding stressor-activation of the HPA axis, the sympatho-adrenal medullary axis, and the effect of stress on selected aspects of immune function.
Hypothalamic-Pituitary Axis
Adrenocorticotropic hormone is the principal regulator of cortisol synthesis and secretion. In turn, the secretion of ACTH seems to be regulated by a variety of peptides, but principally corticotropin-releasing hormone ( CRH) and vasopressin (VP; arginine vasopressin in most mammalian farm animal species, lysine vasopressin in pigs). The role of each of these peptides in ACTH secretion has not been studied extensively among any of the farm animal species, but more is known about their role in sheep than in other species. In this respect, sheep seem to be unique, not just among the farm animals studied to date, but among other species, in that VP is far more potent than CRH in terms of its ability to stimulate ACTH secretion (Pradier et al., 1986; Familari et al., 1989; Liu et al., 1990) . In contrast, pigs and cattle (Carroll et al., 1993; Jacob and Minton, 1993) have greater secretory responses to CRH than to VP. In all farm animal species studied, the combination of CRH and VP augments the secretion of ACTH (Pradier et al., 1986; Familari et al., 1989; Liu et al., 1990; Jacob and Minton, 19931 , and this is similar to the situation in rats Orth, 1987, 1988) . Interestingly, porcine pituitary cells in vitro seem not to respond to VP alone, but the addition of VP to the culture media enhances the secretion of ACTH in response to CRH (Jacob and Minton, 1994) . In rats, oxytocin, angiotensin TI ( AII) , epinephrine, and norepinephrine have limited ability (relative to CRH) to stimulate the secretion of ACTH in vitro (Watanabe and Orth, 1988) . We (Jacob and Minton, 1994) recently found that Ail produced a slight increment in production of ACTH in cultured porcine pituitary cells, but oxytocin was ineffective in this regard. Thus, as mentioned previously, CRH and VP seem to be dominant regulators of ACTH secretion. Nevertheless, the possibility exists that other potential secretagogues of ACTH (e.g., AI1 or oxytocin) emerge during certain physiological states (e.g. , stress of hypovolemia, dehydration, or parturition) to become more dominant regulators of ACTH secretion.
Parvocellular neurons of the paraventricular nucleus synthesize and secrete CRH and VP (Whitnall, 1993) . Thus, a mix of CRH and VP seems to be presented to corticotropes via the hypothalamic-pituitary portal circulation under basal conditions and during periods of psychological stress (Engler et al., 1988; Canny et al., 19891 , insulin-induced hypoglycemia (Engler et al., 1988; Canny et al., 1989; Caraty et al., 1990) , exercise (Alexander et al., 19911, and hemorrhage (Caraty et al., 1988) . Sheep are the only species in which hypothalamic regulation of ACTH secretion has been evaluated directly in hypophyseal portal blood under unanesthetized, presumably nonstressed, conditions. However, a unique technique has been exploited in horses to study hypothalamic regulation of pituitary function by collecting pituitary venous effluent (Irvine and Alexander, 1987) .
The CRH and VP responses to hemorrhagic stress in sheep are illustrated in Figure 1 (Caraty et al., 1988) . The VP response to this type of stressor seems to be much greater than the CRH response, and this is consistent with findings in sheep exposed to both psychological stress and to insulin-induced hypoglycemia (Canny et al., 1989 ). However, it should be emphasized again that VP is a much more potent secretagogue for ACTH in sheep. In horses, too, a more substantial increase in pituitary venous concentrations of VP and essentially no increase in CRH accompany exercise-stimulated ACTH secretion (Alexander et al., 1991) . Similar data are not available for other domestic farm animal species in which CRH is, apparently, the more potent of the two peptides in regulating ACTH. Therefore, a neuroendocrine strategy may have evolved for activating the HPA axis during times of stress, such that advantage is taken of the ability of VP to augment CRH stimulation of ACTH secretion. In addition to the more traditional regulation of pituitary corticotrope function by hypothalamic peptides, another group of peptides, the cytokines, is now recognized t o play important regulatory roles for the HPA axis (reviewed by Whitnall, 1993) . Presumably, these regulatory factors enhance the secretion of ACTH during periods of systemic infection or inflammation. Currently, interleukin-1 ( e l ) , IL-6, and tumor necrosis factor are implicated strongly as participants in the regulation of pituitary function, although the site of their action (hypothalamus or directly at the pituitary or both), especially for IL-1, remains a matter of debate. Virtually no information is available in domestic livestock regarding the role of cytokines in the regulation of pituitary ACTH secretion during periods of stress.
Stress and the Pituitary-Adrenal Axis
The secretion of cortisol in response t o stress in domestic farm animals has been evaluated repeatedly over the past several years, but detailed evaluation of the ACTH secretory response, the major stimulus for stressor-associated cortisol secretion, has been determined only in recent years. Concentrations of corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) in portal plasma and adrenocorticotropic hormone (ACTH) and cortisol in peripheral plasma of two conscious rams before and after hemorrhagic stress. At the arrowhead, 15% of the ram's estimated blood volume was removed over a 5-to 10-min period. Ten minutes later, the blood was returned to the ram. Reprinted from Caraty et al. (1988) from the data depicted in Figure 2 , which illustrate the PA secretory responses to RIS on d 1 and 3 of treatment. First, the PA axis was repeatedly stimulated by repeated RIS, at least when presented for 3 d.
Second, the cortisol secretory response, but not the ACTH secretory response, was reduced with repeated exposure to this stressor. Reduction of the cortisol response to RIS seemed also to occur in a subsequent study, although the effect per se was not tested statistically (Minton et al., 1992) . In contrast to our work, isolation of sheep (without restraint) at 3-d intervals for 5 h each day did not result in diminished plasma cortisol response to the stress (Niezgoda et al., 1987) .
The response of the PA axis t o repeated acute restraint stress also has been evaluated in pigs. Klemcke (1994) exposed barrows to 45 midd of restraint stress for 9 d consecutively. Activation of the PA axis in response to stress was obvious throughout the experimental period, but when the integrated areas were compared between d 1 and 9, only the ACTH, and not the cortisol plasma concentrations associated with restraint-stress, was reduced significantly (Figure 3 ) . In contrast to 3 d of RIS in lambs, these data indicate that the pituitary response to repeated exposure to the same acute stressor habituates over time, at least in pigs exposed to a relatively short-term stress. In contrast, pigs exposed to repeated nose-snare stress ( 15 min per stress application) for 11 d had similar ACTH and cortisol responses on the first and the last days of stress (Rushen et al., 1993) . Thus, diminution of the PA axis' response is not a consistent feature across species of livestock and differing types, frequencies, and duration of stressors. 
Stress and the Sympatho-Adrenal Medullary Axis
Activation of the sympathetic nervous system in response to acute stress has been recognized for many years, but relatively few studies have characterized catecholamine responses t o stress paradigms in domestic livestock. Undoubtedly, this is related to the relative difficulty in measuring plasma epinephrine compared to the relative ease of measuring peripheral concentrations of cortisol. Furthermore, plasma epinephrine has been regarded as a highly variable experimental end point.
Epinephrine was not increased significantly in dairy cows exposed to increasing intensities of electrical shocks (Lefcourt et al., 1986) . In contrast, a significant, but extremely transient, increase in epinephrine (return to baseline within 30 s of peak increase) occurred in calves exposed to hot-branding identification (Lay et al., 1992) . Also, bulls exposed to transportation and slaughter had increased epinephrine in blood collected at exsanguination (Rulofson et al., 1988) . Exercise also increased epinephrine in horses (Martinez et al., 1988) and cattle (Blum and Eichinger, 1988) . Furthermore, epinephrine was increased in plasma of sheep exposed to RIS (Apple et al., 1993a) .
Models of Acute Stress and Immune System Function: Roles of Stressor Activation of the Hypothalamo-PituitaryAdrenocortical Axis vs Activation of the Sympathetics
It is now generally accepted that the secretion of glucocorticoids accompanying exposure to stressors has a negative impact on fhctions of the immune system. This relationship has been hypothesized to serve as a check to prevent homeostatic (beneficial) responses of the immune system from overshooting their intended function and becoming detrimental to the animal (Munck et al., 1984) . In domestic farm animals, many experiments have been conducted and published that indicate a link between high circulating concentrations of glucocorticoids and compromise of function of cells of the immune system. Unfortunately, many of these experiments have used experimental approaches in which animals have been injected with either ACTH, cortisol, or dexamethasone or cells of the immune system have been incubated with these hormones in vitro and their function evaluated. Although these studies have been important in establishing the initial links between hormones of the adrenal cortex and function of cells of the immune system, they fall short of providing the full involvement of the central nervous system ( CNS) in cognition, integration, and homeostatic responses to stressors.
In contrast, models of acute stress (i.e., treatments in which the animal is actually exposed to a stressor rather than being injected with hormones) presumably evoke full CNS participation in the response and have been used in establishing settings in which to study relationships between stress, activation of the HPA axis (usually by assessment of plasma concentration of cortisol), and functions of the immune system in domestic farm animals.
When cattle were transported 700 km, lymphocyte proliferative responses to the mitogen concanavalin A (Con A) were reduced at the time of unloading (Blecha et al., 1984) . Similarly, at 5 and 30 min after stress, proliferation of lymphocytes in calves that ran on a treadmill for 5 min at 1.8 to 2.2 m/s was reduced in response to phytohemagglutinin ( PHA) and Con A (Blecha and Minocha, 1983) . Also in that study, viral growth in bovine kidney cells was greater when they were cultured with serum from treadmill-stressed calves. Pigs that were restricted in movement by confinement in a metal box had reduced skin swelling in response to intradermal injection of PHA (Westly and Kelley, 1984) . The RIS treatment of lambs also reduced lymphocyte proliferation in response to mitogens and reduced the production of interleukin-2 ( IL-2; Coppinger et al., 1991) . Finally, chronic heat stress ( a t least 2 wk) also reduced lymphocyte blastogenic function in mature ewes (Niwano et al., 1990) .
Not all stressors that activate the HPA axis reduce functions of immune cells. For example, exposure of lambs to a single 6-h bout of RIS or to heat stress for 24 h activated the PA axis but did not alter lymphocyte blastogenic response to mitogens (Minton and Blecha, 1990) . Similarly, restraint of pigs for 30 min also increased plasma ACTH and cortisol but did not alter lymphocyte proliferation in response to mitogens or affect production of IL-2 in vitro (Klemcke et al., 1990) . Furthermore, our 3-d RIS model stressor MINTON system in lambs, which consistently reduced lymphocyte proliferation in response to mitogens, did not alter IL-2 production in our latest two studies (Minton et al., 1992 .
Recently, stressor-activation of the sympathetic nervous system, rather than the HPA axis, has been implicated in the reduction of immune function. This may indicate that stressor-increased plasma concentrations of cortisol are of lesser importance in mediating stressor-associated reduction in immune system function, at least in some models of acute stress. For example, in rats, data indicate that the HPA axis may not be a primary mediator of reduced natural killer cell function, and that CRH works as a neurotransmitter to increase sympathetic outflow from the CNS and, in this way, reduces natural killer cell activity (Irwin et al., 1987 (Irwin et al., , 1988 (Irwin et al., , 1990 .
We recently completed a study specifically designed to evaluate the role of increased plasma cortisol in stressor-induced changes in lymphocyte function. To address this question, syringe infusion pumps were used to achieve plasma cortisol concentrations seen with RIS. In our experience (Coppinger et al., 1991; Minton et al., 1992; Apple et al., 1993b) , RIS results in concentrations of plasma cortisol between approximately 50 and 100 ng/mL, which represent roughly a 5-to 10-fold increase in plasma concentrations above those of controls. In that study (Minton et al., 19931 , application of RIS for 6 h on three consecutive days reduced the ability of lymphocytes t o proliferate in response to PHA, Con A, and pokeweed mitogen. However, infusion of cortisol that achieved concentrations observed with RIS did not affect lectin-induced lymphocyte proliferative functions. Even though these measures of lymphocyte function provide a limited view of the complex effects of stressors on the immune system, our preliminary data indicate that increased plasma cortisol alone cannot account for reduced lymphocyte function brought about by RIS. Neither the role of increased peripheral concentration of catecholamines nor the potential interaction with increased concentrations of cortisol during stress on functions of cells of the immune system has been investigated in sheep or other domestic livestock. Therefore, we cannot state with certainty what factors in sheep exposed to RIS bring about the observed reduction in lymphocyte function. In view of these results and the data of Irwin and coworkers (Irwin et al., 1987 (Irwin et al., , 1988 , stressorassociated activation of the sympathetic nervous system, especially the adrenal medulla, may play a key role in modulating immune functions in response to stress. That CRH acts centrally following exposure to stressors to activate not only the HPA axis but also the central sympathetic outflow that enhances responses of the adrenal medulla to stress is well established (reviewed by Fisher, 1989) . The ability of centrally administered CRH to activate sympathetic outflow, increase plasma norepinephrine, and affect functions of the immune system in livestock has not been evaluated specifically. Even so, the potential for central CRH t o modulate functions of lymphocytes is consistent with the findings that Con A-stimulated splenocytes from pigs had P-adrenergic receptors (Westly and Kelley, 1987) and that central administration of CRH reduced blastogenesis of isolated peripheral blood mononuclear cells (Johnson et al., 1993) .
Future Areas of Investigation
Our understanding of the physiological consequences of activation of the HPA and the sympathetic nervous system by stressors, especially in livestock, is far from complete. Major gaps exist in knowledge of interactive elements of the HPA, the sympathetics, and the immune system and how these physiological responses to stress may enhance the onset of disease processes and contribute to reduced production efficiency.
The major regulators of pituitary ACTH secretion during stressor activation of the HPA are not known in pigs and cattle. As pointed out previously, pituitary portal blood has been evaluated in sheep exposed to various models of acute stress. Here, portal plasma VP especially seems to increase with increasing peripheral plasma ACTH. However, sheep seem to be unique among farm animals in that VP seems to hold a more prominent role, compared to CRH, in the regulation of ACTH. Furthermore, in rodents, there is emerging evidence that cytokines, especially IL-1, IL-6, and tumor necrosis factor, may stimulate HPA activation during periods of infection or inflammation, and this area is virtually unexplored in farm animal species.
The effects of cortisol on functions of cells of the immune system are still far from certain, and the currently held dogma that cortisol is the primary immunosuppressive agent probably should be refined.
A significant portion of the data supporting immunosuppressive actions of cortisol have been derived from experiments in which dexamethasone or cortisol have been presented to livestock in rather "unphysiological" time and concentration domains. Furthermore, some commonly used assays of immune cell function provide a very limited view of the immune status of the animal. For example, lymphocyte proliferation in response to mitogens does not really represent a physiological function normally performed by lymphocytes.
The contribution of stressor activation of the sympathetic nervous system to stressor-induced suppression of the immune system is another largely unexplored area in domestic livestock. The possibility that increased epinephrine may contribute to immune suppression in domestic animals during stress has not been ruled out. In addition, because cortisol and catecholamines, especially epinephrine, are generally increased during stress, it is possible that the two classes of stress hormones interact to affect function of cells of the immune system. Finally, it seems likely that the perception of stress increases sympathetic outflow from the central nervous system, in part stimulating hypothalamic peptide secretion, but also enhancing neural stimulation of certain sympathetically innervated peripheral tissues. As discussed earlier, this route of stimulation may account for reduced natural killer cell activity in stressed rodents, independent of activation of the HPA. Thus, the role of the sympathetic nervous system in modulating the immune system of livestock exposed to stressors will require additional investigation.
Implications
Activation of the hypothalamo-pituitary-adrenocortical axis and the sympatho-adrenal medullary system occurs in response to stressors. In livestock, these reactions presumably have adaptive significance. However, the physiological significance of these responses, in an adaptive sense, is not clear. Environmental or management stressors that livestock encounter sometimes can be associated with reduced function of the immune system, and this can result in increased susceptibility to disease. Thus, homeostatic responses to stressors, when called upon too frequently by repeated exposure to stressors or when evoked strongly by multiple concurrent stressors, can be detrimental to the well-being of livestock.
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